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The non-human primate has been a useful model for studies of human acute radiation syndrome (ARS). However, to date structural changes in various parts of the intestine after total body irradiation (TBI) have not been systematically studied in this model. Here we report on our current study of TBI-induced intestinal structural injury in the nonhuman primate after doses typically associated with hematopoietic ARS. Twenty-four non-human primates were divided into three groups: sham-irradiated control group; and total body cobalt-60 ( 60 Co) 6.7 Gy gamma-irradiated group; and total body 60 Co 7.4 Gy gamma-irradiated group. After animals were euthanized at day 4, 7 and 12 postirradiation, sections of small intestine (duodenum, proximal jejunum, distal jejunum and ileum) were collected and fixed in 10% formalin. The intestinal mucosal surface length, villus height and crypt depths were assessed by computer-assisted image analysis. Plasma citrulline levels were determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Total bone marrow cells were counted and hematopoietic stem/progenitor cells in bone marrow were analyzed by flow cytometer. Histopathologically, all segments exhibited conspicuous disappearance of plicae circulares and prominent atrophy of crypts and villi. Intestinal mucosal surface length was significantly decreased in all intestinal segments on day 4, 7 and 12 after irradiation (P , 0.02-P , 0.001). Villus height was significantly reduced in all segments on day 4 and 7 (P ¼ 0.02-0.005), whereas it had recovered by day 12 (P . 0.05). Crypt depth was also significantly reduced in all segments on day 4, 7 and 12 after irradiation (P , 0.04-P , 0.001). Plasma citrulline levels were dramatically reduced after irradiation, consistent with intestinal mucosal injury. Both 6.7 and 7.4 Gy TBI reduced total number of bone marrow cells. And further analysis showed that the number and function of CD45 + CD34
+ hematopoietic stem/progenitors in bone marrow decreased significantly. In summary, TBI in the hematopoietic ARS dose range induces substantial intestinal injury in all segments of the small bowel. These findings underscore the importance of maintaining the mucosal barrier that separates the gut microbiome from the body's interior after TBI. Ó 2015 by
INTRODUCTION
The risk of exposure to ionizing radiation due to nuclear accidents or terrorist scenarios is widely thought to be increasing. One likely outcome of exposure in such scenarios is the development of acute radiation syndrome (ARS). Among the organs that are primarily involved in ARS are the hematopoietic system/bone marrow (BM) and gastrointestinal (GI) tract (1, 2) . Hematopoietic cells are highly sensitive to radiation-induced damage and relatively low levels of total body irradiation (TBI) (e.g., 1-6 Gy) can induce hematopoietic acute radiation syndrome (H-ARS), resulting from bone marrow ablation that leads to hemorrhage or infections (1-3). However, higher TBI doses (e.g., 6-8 Gy) can result in gastrointestinal acute radiation syndrome (GI-ARS), primarily as a result of the enterocyte depletion caused by the death of intestinal mucosal stem cells. GI-ARS is characterized by a dose-dependent onset of nausea and diarrhea followed by sepsis and electrolyte imbalance, which can lead to death (1) (2) (3) .
Developing medical countermeasures against ARS requires well-characterized and validated animal models. Radiation-induced damage to the hematopoietic system has been relatively well established and animal models such as mice, canine and non-human primates have been utilized to investigate countermeasures against radiation-induced H-ARS (2, (4) (5) (6) (7) (8) . Significant enhancement of hematopoietic regeneration has been reported in elegant efficacy studies that tested various combinations of cytokines such as interleukin-3, interleukin-6, granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage colony-stimulat-ing factor and stem cell factor after total body irradiation in different animal models (9) (10) (11) . Several U.S. Food and Drug Administration (FDA)-approved products, such as different forms of G-CSF including tbo-filgrastim and pegfilgrastim, are available to reduce chemotherapyinduced myelosuppression. Importantly, application of filgrastim (Neupogent) to adult and pediatric patients, who were exposed to radiation, was recently approved by the FDA. Other biologic license applications have been submitted for several recombinant leukocyte growth factors that have demonstrated improved survival in multiple irradiated animal models including non-human primates (12) .
Currently, there are no FDA-approved medical countermeasures against GI-ARS and there are no well-characterized large-animal models to assess TBI-induced GI-ARS (2). The development of animal models of GI-ARS is requisite to the successful development of medical countermeasures. A number of studies have investigated GI-ARS in non-human primates (13) (14) (15) (16) (17) , but each study focused on different parameters such as the mortality and morbidity, clinical symptomology and pathology. In some studies, high TBI doses, such as 9.5, 10-14 and 15-75 Gy are used (14, 18, 19) . However, baseline values for TBI-induced GI-ARS are not well characterized in non-human primates.
Our laboratory is currently developing a marketed, multireceptor, somatostatin analog referred to as pasireotide diaspartate. This analog is a promising mitigating agent against radiation-induced GI toxicity. Our laboratory has demonstrated that pasireotide effectively reduces TBIinduced mortality in mice even when the administration of test material started 72 h after lethal doses of TBI (20) . A possible mechanism for this improvement in animal longevity after TBI may be related in part to the ability of pasireotide to inhibit various pancreatic digestive enzymes (21) .
To assess the efficacy of pasireotide and other potential drugs in mitigating the risk of ARS, further validation and characterization of large animal models are urgently needed. Therefore, the current study was designed to determine optimal TBI doses in non-human primates by establishing baseline changes in the intestinal mucosa, hematopoietic parameters and the intestinal injury biomarker citrulline in animals postirradiation. This study utilized TBI doses of 6.7 (LD 70/60 ) and 7.4 Gy (LD 90/60 ) to assess the intestinal mucosal injury and hematopoietic injuries at day 4, 7 and 12 after TBI, as well as the relationship of intestinal mucosal injury with plasma citrulline levels (22) (23) (24) . Results from this study demonstrated that TBI doses of 6.7 and 7.4 Gy (typically associated with the H-ARS) induced significant intestinal injury. Data collected in testing this range of TBI doses in the non-human primate model may be useful in developing GI-ARS risk-mitigating agents in compliance with the FDA Guidance for Industry Product Development Under the Animal Rule.
MATERIALS AND METHODS

Animals
A total of 24 non-human primates (Macaca mulatta; 12 males and 12 females), 4.0-6.2 years old and weighing between 4.2 and 7.3 kg were used. The animal room environment was controlled (temperature 21 6 38C, humidity 30-70%, 12:12 h light-dark schedule, 10-15 air changes per hour), and temperature and relative humidity were monitored continuously. A standard certified commercial primate chow (Teklad Certified Hi-Fiber Primate Diet 7195C; Harlant Laboratories, Madison, WI) was available to each non-human primate twice daily. Municipal tap water (which was exposed to ultraviolet light and purified by reverse osmosis) was provided to the animals ad libitum. All animals were fasted overnight prior to radiation exposure.
During the study, care and use of animals were conducted in accordance with principles outlined in the current Guide to the Care and Use of Experimental Animals published by the Canadian Council on Animal Care and the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (National Academies Press, 8th Ed., 2011). The testing facility was accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All procedures were conducted per established standard operating procedures.
Irradiations and Study Design
Animals were placed into boxes and total body irradiated with a single uniform dose, from a Theratront 1000 60 Co source (Bestt Theratronics Ltd., Ottawa, Canada), of 6.7 or 7.4 Gy at a dose rate of 60 cGy/min. The total dose was divided in two fractions with anteroposterior (AP) and postero-anterior (PA) exposure. Each animal was placed in a chair allowing appropriate restraining in a symmetrical position for TBI. Prior to exposures, dosimetry measurements were obtained in the same experimental conditions using a solid water phantom to confirm the treatment plan. Real-time in vivo dosimetry was monitored during animal exposure using a Farmer ionization chamber (PTW, Freiburg, Germany) subjected to an electrometer bias voltage of À300 V (model no. 35040; Keithley Instruments Inc., Cleveland, Ohio). Dosimeters (Scanned nanoDot, Landauert, Glenwood, IL) and SuperFlab buildup material were used at the distal sternum and interscapular area to validate the treatment dose. Control animals were subjected to identical procedures without exposure to the radiation source. The animals were irradiated or sham irradiated and monitored for up to 12 days postirradiation, as detailed in Table 1 .
Supportive Care
Buprenorphine was administered to all animals prophylactically and throughout the observation period. Certified non-human primate Liquidiet (Bio-Servt, Flemington, NJ) was administered orally when body weight was ,85% of baseline and continued until recovery. Hydration fluid (Ringer's lactate solution and Ringer's lactate solution with 5% dextrose, IV) was provided based on clinical evaluation. Blood products and antibiotics were not included in the current experiment to minimize potential interferences with experimental end points that were evaluated. Groups of animals were euthanized on day 4, 7 and 12 after irradiation. Blood, bone marrow and intestinal tissue collection were performed under the supervision of an American College of Veterinary Pathologists (ACVP) Board-Certified veterinary pathologist. Blood samples were collected for citrulline analysis. A target volume of 0.3 ml of blood was collected by venipuncture into tubes containing K3-EDTA as anticoagulant during the preirradiation period and on day 4, 7 and 12 after irradiation, and was centrifuged under refrigeration (48C at 1,500g RCF) for 10 min. Plasma was recovered and stored at À708C until analyzed. Bone marrow samples were collected from the femur for total marrow cellularity determination. Briefly, bone marrow was flushed from the bone with 5 ml of culture media [RPMI-1640 without phenol red, 20% fetal bovine serum (FBS) and penicillin streptomycin solution] and then gently passaged with a disposable 20-gauge needle to form a homogenous cellular suspension and kept at 48C until analysis. Small intestine sections (duodenum, proximal jejunum, distal jejunum and ileum) were collected and fixed in 10% formalin, processed to paraffin blocks, sectioned and stained with hematoxylin and eosin (H&E) for histological and morphometric studies.
Hematopoietic and Intestinal Injury Assessments
Assessment of TBI-induced histological and morphometric injury. Mucosal surface length: A decrease in the surface area of the intestinal mucosa is a sensitive parameter of small bowel radiation injury. Previously, we measured mucosal surface area in mice and rats using a stereologic projection/cycloid method. Because of structural differences in the intestine of non-human primates (e.g., non-human primates have plicae circulares whereas mice and rats do not), we chose computer-assisted image analysis (Image-Prot Plus, Media Cybernetics Inc., Silver Spring, MD) to measure the length of intestinal mucosal surface area in this animal model. All measurements were done with a 103 objective lens, and a total of 10 areas were measured from each intestinal segment.
Mucosal villus height and crypt depth: Mucosal villus height and crypt depth were measured with computer-assisted image analysis (Image-Pro Plus). All measurements were done with a 103 objective lens. Mucosal villus height was measured from the tip to the base of villus, and crypt depth was measured from crypt base to the top opening. All measurements were done with a 103 objective lens, and a total of 10 areas were measured from each intestinal part.
Assessment of TBI-induced plasma citrulline change. The plasma level of citrulline is a well-validated biomarker for functional enterocyte mass. Previous studies have shown that circulating concentrations of citrulline had a significant negative correlation to radiation dose in mice and humans (22) (23) (24) . Here, we collected blood plasma for citrulline analysis at various time points postirradiation. Citrulline concentrations were determined using the high throughput liquid chromatography-tandem mass spectrometry (LC-MS/MS) methodology previously described by our group (25) . Briefly, each plasma sample (5 ll) was added to each well of a 96-well protein precipitation plate and treated with 95% acetonitrile containing 0.2% formic acid (0.45 ml). The filtrate was injected (3 ll) directly onto the LC-MS/MS system. Separation on a diol column (50 3 2.1 mm) was accomplished using an acetonitrile gradient and 0.2% acetic acid, 0.1% formic acid and 0.005% trifluoroacetic acid (TFA) modifiers. The lower and upper limits of quantitation were 0.125 and 2,000 lM, respectively.
Assessment of TBI-induced hematopoietic injury. Bone marrow cells were suspended in 10.0 ml red blood cell lysis buffer (0.15 M NH4Cl, pH 7.2) and incubated for 15 min on ice. The cells were spun down at 200g for 6 min, washed once with 10.0 ml PBS with 2% FBS, and resuspended in 0.5ml PBS with 2% FBS. BM cells were counted using cell counter (Heska, Loveland, CO), and 1 3 10 6 BM cells were labeled with anti-CD45-FITC and anti-CD34-APC antibodies (eBioscience Inc., San Diego, CA) after incubation with anti-CD16/32 to block the Fcc receptors (eBioscience, Inc.). After washing, the cells were resuspended in PBS containing 0.25 lg/ml propidium iodide (Sigma-Aldricht LLC, St. Louis, MO) to exclude dead cells and analyzed using a LSRII flow cytometer (Becton Dickinson Biosciences, San Jose, CA). Quantity of different hematopoietic cell populations (CD45 þ cells and CD45 þ CD34 -cells) in each non-human primate were calculated by multiplying the total numbers of BM cells harvested from the femur and tibia of each non-human primate with the frequencies of each population in BM cells. The colony-forming unit (CFU) assay at day 4 and 7 postirradiation was performed by culturing 1 3 10 5 BM cells using MethoCulte H4034 Optimum (STEMCELL Technologies, Vancouver, Canada). Colonies of burstforming unit-erythroid (BFU-E) and CFU-granulocyte macrophage (CFU-GM) were scored on day 14 of the incubation according to the manufacturer's protocol.
Statistical Analysis
Statistical analysis was performed with the software package NCSS 2004 for Microsoft Windows (NCSS, Kaysville, UT). Differences in end points among treatment groups were assessed by one-way analysis of variance (ANOVA), and two-way ANOVA was used to determine the interaction between radiation doses and times. Differences in end points between two groups were assessed with equal-variance t test of two samples. P values less than 0.05 were considered statistically significant.
RESULTS
TBI-Induced Histological and Morphometric Injury in Small Intestine
As reported in previous studies in mouse and rat models, exposure to radiation induced significant structural alterations in the intestinal wall. As shown in Fig. 1 , all segments exhibited conspicuous disappearance of plicae circulares and prominent atrophy of crypts and villi after irradiation and there were no ulcerations observed in any segments of small intestine. In the 6.7 Gy irradiated group, the plicae circulares were partially restored at day 7 and 12 after irradiation, but not in 7.4 Gy irradiated group.
According to morphometric studies, intestinal mucosal surface length was significantly decreased in all intestinal segments on day 4, 7 and 12 after irradiation ( Fig. 2, P , 0.02-P , 0.0002). At day 12 after irradiation, mucosal surface length of duodenum was recovered for both 6.7 and 7.4 Gy irradiated groups (P . 0.05). Villus height was significantly reduced in all segments on day 4 and 7 in both groups ( Fig. 3 , P ¼ 0.02-0.005), whereas it had recovered by day 12 (P . 0.05). Crypt depth was also significantly reduced in all segments on day 4, 7 and 12 after irradiation (Fig. 4 , P , 0.04-P , 0.00004). TBI in the hematopoietic dose range induces consistent changes in several compartments and in all segments of the small bowel. These findings point to the importance of maintaining the mucosal barrier integrity that separates the gut microbiome from the body's interior after TBI.
TBI-Induced Plasma Citrulline Changes
The mean plasma citrulline concentration from all pre-TBI samples was used as a control (100 6 4, 7 and 12 citrulline levels significantly decreased relative to the control after 6.7 and 7.4 Gy TBI (Fig. 5) . Four days after 6.7 and 7.4 Gy irradiation, citrulline levels were 45 6 12 and 58 6 23 lM (P , 0.001 for both groups), compared to the control level of 100 6 35 lM (Fig. 5A) . Seven days after 6.7 and 7.4 Gy irradiation, citrulline levels were 66 6 5 lM (P ¼ 0.01) and 43 6 20 lM (P ¼ 0.001) (Fig. 5B) . Twelve days after 6.7 and 7.4 Gy irradiation, citrulline levels were 70 lM and 64 lM, respectively (Fig. 5C) . Figure 5D and E show the effects of time after exposure to 6.7 and 7.4 Gy. It appears that citrulline levels continued to decrease on day 7 and started to recover on day 12 in the 7.4 Gy irradiated group, although the changes in citrulline relative to day 4 and 7 were not significant. However, citrulline levels appeared to start recovering on day 7 (P ¼ 0.001) and continued to recover on day 12 in the 6.7 Gy irradiated group, although the change in citrulline relative to day 7 was not significant. It should be mentioned that only two animals were available on day 12 for both the 6.7 and 7.4 Gy irradiated groups. These data show that citrulline reduction can start as early as day 4 after irradiation in the non-human primate and could start to recover as early as 7 days after irradiation, depending on radiation dosage.
TBI-Induced Hematopoietic Injury
To confirm the effects of radiation exposure on the hematopoietic system, BM cells were obtained. The results showed that 6.7 and 7.4 Gy TBI caused a rapid decrease in the number of total BM cells in a dose-and time-dependent manner, as shown in Fig. 6A . The nadir for the number of BM cells was reached 12 days after TBI (P , 0.001). We further used CD45 and CD34 markers to label hematopoietic cells and hematopoietic stem/progenitor cells (HSPCs), respectively. As shown in Fig. 6B and C, TBI induced a significant decrease in both hematopoietic cells and HSPCs (P , 0.001), which is consistent with the results of total BM cell counting. To investigate the effects of radiation on HSPC function, we used in vitro clonogenic assay to assess the function of BM HSPCs. The results showed that 6.7 and 7.4 Gy TBI significantly decreased the numbers of BFU-E and CFU-GM compared to that of the nonirradiated group at day 4 and 7 ( Fig. 6D and E) , indicating that the ability of HSPCs to differentiate into erythrocytes, granulocytes and monocytes was dramatically decreased in irradiated nonhuman primates compared to sham-irradiated non-human primates. HSPCs were insufficient at day 12 to run the clonogenic test. These data suggest that 6.7 and 7.4 Gy TBI Mucosal villus height was dramatically decreased at day 4 and 7 after irradiation. It has a trend to recover at day 12 after irradiation. *P , 0.05; **P , 0.01 vs. control.
TOTAL BODY IRRADIATION AND INTESTINAL INJURY IN NON-HUMAN PRIMATES
causes acute hematopoietic damage in the non-human primate in a dose-and time-dependent manner.
DISCUSSION
The current study showed that TBI doses of 6.7 and 7.4 Gy (levels typically associated with hematopoietic ARS) in the non-human primate induced significant intestinal injury in dose-and time-dependent manners. The conspicuous disappearance of intestinal plicae circulares, reduction of mucosal surface area and prominent atrophy of crypts and villi in all small intestinal segments (duodenum, proximal and distal jejunum, ileum) were observed. These histopathological changes correlated with the onset of radiationinduced diarrhea in this non-human primate model. Interestingly, circulating citrulline, a biomarker of intestinal injury (22) (23) (24) , decreased after TBI in both the 6.7 and 7.4 Gy groups, which is consistent with the damage of intestinal mucosa such as mucosal surface area, villus height and crypt depth. As expected, 6.7 and 7.4 Gy TBI caused significant hematopoietic injury such as the reduction of BM cells, as well as the number and function of HSPCs. These results indicate that the TBI dose range of 6.7 and 7.4
Gy in the non-human primate could be a practical model to study countermeasures against GI-ARS.
Radiation-induced intestinal damage is widely documented in rat and mouse models of localized and total body irradiation (21, (26) (27) (28) (29) (30) (31) (32) . Previously published studies on TBI-induced GI-ARS in non-human primates are limited (3, (14) (15) (16) (17) (33) (34) (35) , each of which focuses on different parameters such as mortality (13), clinical symptomology and descriptive pathology (14) (15) (16) (17) and GI function (33) (34) (35) . Some of those studies have used high doses of TBI, such as 9.5, 10-14 and 15-75 Gy (14, 18, 19) . Recently, MacVittie et al. investigated TBI-induced GI-ARS in the non-human primate model and found that 10-11.5 Gy significantly reduces the number of crypts at day 7, 10 and 15 after TBI (18) . No quantitative data from TBI-induced intestinal structural injury in the non-human primate are available after TBI doses typically associated with hematopoietic ARS. The current study would be the first to observe the intestinal structural and hematopoietic injuries, as well as circulation citrulline, a biomarker of intestinal injury in such dose ranges of TBI.
The intestine is a major dose-limiting organ during abdominal and pelvic radiotherapy and one of the critical organs for whole-body irradiation. The surface area of intestinal epithelium is 200 times larger than that of the skin (36) . Thus the epithelial lining of the intestine constitutes the body's most extensive and important barrier against the exterior environment. Normal homeostasis of intestinal epithelium is maintained by continuous and rapid replacement through replication and differentiation of epithelial cells located within the intestinal mucosal crypts. Intestinal clonogenic crypt epithelial cells are classical target cells of intestinal radiation toxicity (37) . Radiation-induced damage of these cells causes enterocyte depletion, mucosal barrier breakdown and mucositis, eventually allowing bacteria to translocate into the circulation, causing sepsis. Mucosal barrier breakdown also reduces intestinal absorption, which induces diarrhea and eventual fluid and electrolyte loss typically associated with a decrease in body weight. Other secondary effects of mucosal barrier breakdown (e.g., cytokine production and inflammation) as well as effects on some other elements of the intestine (such as the immune system, microvasculature and nervous system) also contribute to acute GI syndrome (2) .
Plasma citrulline is mainly derived from small intestinal absorptive epithelial cells (38) and it has been identified as a biomarker for functional small bowel enterocyte mass under various clinical and experimental conditions (22) (23) (24) 39) , including radiation exposure. In a murine study (23) , [8] [9] [10] [11] [12] Gy of TBI was shown to induce significant decreases in citrulline levels, which then tends to recover in 4 days. In our previous murine study, plasma citrulline decreased significantly at day 3.5, started to recover at day 7 and reached normal levels at day 14 after 9 Gy TBI, which is consistent with the recovery of intestinal mucosal surface area (40) . No studies examining citrulline level of GI-ARS in the non-human primate have been published. In a baboon TBI study (41) , however, it was found that after 2.5 Gy TBI citrulline levels decreased on the first day, reached the lowest levels on day 4 and started to recover on day 5, whereas at 5.0 Gy, the lowest level of citrulline occurred on day 5 and recovery started on day 7. This study indicated that radiation-induced intestinal injury could start with doses as low as 2.5 Gy and as early as the first day after TBI. Our current study showed that exposure to 6.7 and 7.4 Gy TBI in the non-human primate model resulted in significant reductions in plasma citrulline levels in a doseeffect manner. On day 4, plasma citrulline level was significantly reduced in both 6.7 and 7.4 Gy exposures. However, on day 7, citrulline levels appeared to start recovering in the 6.7 Gy irradiated group but decreased further in the 7.4 Gy irradiated group. On day 12, citrulline levels recovered slightly but did not reach normal levels in either dosing. These findings are consistent with our intestinal injury, such as intestinal mucosal length, mucosal villus height and crypt depth. Therefore, we propose that blood citrulline could be considered a biomarker of GI-ARS in the non-human primate model.
The primary cause of morbidity and mortality in radiation-induced hematopoietic syndrome is the significant reduction in numbers of platelets and neutrophils, which are produced by hematopoietic stem cells through progenitor differentiation. It has been suggested that direct damage to hematopoietic progenitors in bone marrow is a primary target under radiation exposure, resulting in anemia, neutropenia and thrombocytopenia (1-3). In our current studies, the radiation doses of 6.7 and 7.4 Gy dramatically decreased the number of total BM cells and CD45 þ hematopoietic cells. We further used CD34 to label hematopoietic stem/progenitor cells and demonstrated that CD45 þ
CD34
þ cells were significantly reduced at day 4, 7 and 12 after irradiation. These data suggest that our nonhuman primate model is also suitable to investigate the effects of certain potential countermeasures on hematopoietic stem/progenitor cells under radiation conditions. We are currently exploring the mechanism of action through which pasireotide impacts hematopoietic stem/progenitor cells postirradiation.
We conclude that the pathophysiology of acute radiation syndrome in the non-human primate is similar to that previously observed in mice and rats as related to intestinal structure, plasma citrulline level and hematopoietic progenitors. The non-human primate appears to be a suitable large animal model to study the radiation-induced intestinal syndrome and to test radiation countermeasures in the near future. Meanwhile, we are working on additional characterizations of radiation-induced GI toxicity in the nonhuman primate.
